Background
Introduction
Heart failure continues to be a major and growing public health issue and remains the leading cause of hospitalization; it is associated with an approximately 45% post-discharge mortality and readmission rate within 3 months. [1, 2] Despite treatment using pharmacologic and mechanical (device) interventions, the clinical outcome of patients with preserved ejection fraction heart failure (HFpEF) remains suboptimal [3] , with a hospitalization rate and poor prognosis [4] [5] [6] as malignant as systolic dysfunction heart failure (HFrEF, median survival: 2.1 years). [7] B-type natriuretic peptide (BNP) is a reliable biomarker for diagnosing heart failure and has demonstrated predictive value for hospitalization and mortality both in HFpEF and HFrEF. [8, 9] Pulse pressure (PP) has emerged as a predictor for heart failure in the elderly population. [10, 11] Greater afterload from increased arterial stiffness has also been shown to be the key pathophysiology in subjects with known hypertension in the elderly population for diminished arterial compliance, which may cause cardiac dysfunction and contribute to elevated BNP level [12] [13] [14] . Among several indices available for clinical use, both aortic pulse wave velocity (PWV) and central carotid-femoral pulse wave velocity (cf-PWV) have been considered for identifying arterial stiffness in an asymptomatic or in relatively high risk population. [15, 16] Automatic assessment of brachial-ankle pulse wave velocity (ba-PWV) is an alternative method that takes less time, but its clinical use for prediction of coronary artery disease remains less proven. [17] Cardiac dysfunction can be caused by several factors including arterial stiffness, systemic inflammation, accumulation of adiposity, and vascular-ventricular overload, and uncoupling. [18] [19] [20] Tartiere et al. reported that the central aortic arterial stiffness marker cf-PWV is an independent prognostic factor for HFpEF, [21] and Yambe et al. further demonstrated that higher peripheral muscular arterial stiffness (ba-PWV) is linked to elevated BNP concentration in patients with hypertension. [15] In the current study, we investigated an intermediate-to high-risk population with preserved EF function to determine the relations among PWV of different arterial segments (central aortic and peripheral muscular) and circulating BNP levels, a clinical surrogate of potential myocardial damage. This study also aimed to examine predictive beyond traditional echocardiography-defined left ventricle (LV) geometric parameters, such as left ventricle mass index (LVMI).
Methods

Study design and study population
All participants in the tertiary center study were recruited from cardiovascular outpatient clinics at Mackay Memorial Hospital from August 2009 to July 2011. A cross-sectional study was conducted in patients with preserved left ventricular systolic function (LVEF !50%) and at least 1 risk factor (e.g., hypertension or diabetes) from the cardiovascular outpatient department. This study was approved by local ethical institutional committee (Mackay Memorial Hospital) for retrospective data analysis without informed consent of study participants. Data security was guaranteed, and all authors had no access to patient identifying information before and after data analysis. Study participants involved in this study were not under clinical service of current study physicians or researchers. In brief, 1500 consecutive patients were enrolled who presented at outpatient clinics with intermediate risk and preserved heart systolic function. A total of 11 patients did not have blood test data, 66 patients did not perform the complete pulse wave velocity exam, 12 patients did not receive clear echocardiography images, and 154 patients did not consent to the BNP blood test. One patient with extremely high BNP concentration (5000 pg/ml) and another with extremely low pulse wave velocity (hf-PWV = 1.19 m/s) were excluded. A total of 1255 patients with complete arterial stiffness exams and BNP data were enrolled in the study. Of the 1255 participants with complete arterial pulse wave velocity exams, 47.8% patients were male with a mean age of 62.6 ± 12.3 (±SD) years. Demographic data and medical history were collected by three independent cardiologists during face-to-face interviews. Anthropometric parameters including height, body weight, and waist circumference were measured by an experienced study nurse. The risk factors were age (male>45 years, female>55 years), high-density lipoprotein cholesterol (male<40 mg/dl, female<50 mg/dl), hypertension, hypercholesterolemia, diabetes mellitus (DM), chronic renal insufficiency (creatinine>1.3 mg/dl), smoking history, and obesity. Hypertension was defined by usage of anti-hypertensive agents or systolic blood pressure (SBP) !140 mmHg and/or diastolic blood pressure (DBP) !90 mmHg. Hypercholesterolemia was defined by usage of lipidlowering medicine (statin or ezetamide) or total cholesterol !200 mg/dl or low-density lipoprotein cholesterol !130 mg/dl. Diabetes was defined by known diabetes history, fasting blood glucose >126 mg/dl or any current usage of DM medication. Smoking history was defined as being an ex-smoker or with current tobacco usage. Patients were considered obese with a body mass index (BMI) > 30 kg/m 2 . Coronary artery disease was defined by known myocardial infarction history or significant coronary stenosis requiring percutaneous intervention, including stent deployment. Patients with a known history of cardiovascular surgery or the presence of rheumatic heart disease, atrial fibrillation, previous implantation of a pacemaker, and overt renal insufficiency (creatinine > 3.0 mg/dl) or with dialysis history were all excluded from the study.
Echocardiography
Transthoracic echocardiography in two dimensions and Doppler mode examinations were performed on 1371 participants using a commercially available ultrasound system (GE Vivid 7, Vingmed) equipped with a 2-4 MHz transducer. All reported echocardiography measurements are the average value of three successive heart cycles. We assessed parameters of left atrial (LA) diameter, interventricular septal thickness, posterior ventricular wall thickness, left ventricular diameter of both end-diastolic and end-systolic phase, and subsequent LV mass (g) determined from linear M-mode method according to the recommended method established by the American Society of Echocardiography. [22] LV mass index (g/m 2 ) was defined as the ratio of LV mass to body surface area (BSA). Gender-specific LV hypertrophy (LVH) was defined by LVMI >95gm/m 2 for women and > 115gm/m 2 for men. [22] Pulse wave velocity
Arterial stiffness was measured using pulse wave velocity. After resting for 5 min in a supine position, bilateral ba-PWV, systolic blood pressure, and diastolic blood pressure from four limbs were measured simultaneously with an automated machine (VP-2000; Collin Corp., Japan). Carotid artery and femoral artery pulse waveforms were measured via manual recording by a single experienced technician. The central aortic hf-PWV and carotid hc-PWV were measured with a time delay between the rapid upstroke of the heart-femoral artery and the heart-carotid artery and then calculated by an automatic device and manual measurement (VP-2000; Collin Corp., Komaki Japan). PWV was calculated as the distance between the two arterial sites divided by the time delay between the two arterial point sites and presented as centimeter per seconds. [20] Laboratory measurements
Overnight fasting blood serum and plasma samples were collected to determine glucose and lipid profiles (total cholesterol, triglyceride, low-density lipoprotein cholesterol, and high-density lipoprotein cholesterol). Some biochemical measurements, including renal function, were also obtained. Serum samples were collected using standard sampling tubes or tubes containing separating gel. After ensuring individualized patient samples, calibrators and controls were set at ambient temperature (20˚C-25˚C), and the measurement was taken within 2 h. Hs-CRP level was determined by a highly sensitive, latex particle-enhanced immunoassay using Elecsys 2010 (Hitachi Corp. Hitachinaka Ibaraki, Japan). Serum BNP concentrations were measured using a fluorescence immunoassay microtiter plate with a coefficient of variation of 10.4% (Alere Biosite Triage, San Diego, CA, USA). Renal function was determined by estimating the glomerular filtration rate (eGFR), which was calculated using the Modification of Diet in Renal Disease formula in a Chinese population: eGFR (ml/min/1.73 m 2 ) = 175 × P Cr (plasma creatinine, mg/dl) −1.234 × age −0.179 × (0.79 if woman). [23] Statistical analysis
Participants were categorized on the basis of quartile of hf-PWV level, and continuous variables were presented as mean ± SD. Categorical data were presented as proportions or percentage rate. A nonparametric method (Mann-Whitney U test) was used to test for continuous variables among the quartile and chi square or Fisher's exact test method were used to compare categorical variables. The relationship between BNP and PWV was examined by age-and gender-adjusted Spearman's partial correlation coefficients. Multiple logistic regression analyses were conducted to measure different PWVs associated with BNP concentrations independent of other clinical parameters. A receiver operating characteristic (ROC) curve was used to evaluate the area under the curves to identify abnormally high BNP (BNP>100 pg/ml) with cstatistics used for comparison between different models. For reclassification analysis, crossclassification was measured separately in participants with higher BNP concentrations (>100 pg/ml) and its lower parts ( 100 pg/ml). Integrated discrimination improvement is equal to the difference in discrimination slopes between the old model and a new PWV predicting model. The reproducibility of PWV measurement was presented using the Bland-Altman plot. All statistical tests were tow-tailed, and P < 0.05 was considered statistically significant. Analyses were performed with Stata version 11 (Stata Corp., College Station, TX, USA) and SAS 9.2 version (SAS Institute, Cary, NC, USA).
Result
All 1409 (mean: 62.6 ± 12.3, range of age: 20-88 years) participants were stratified by hf-PWV level. Participants in the highest quartile were older, had worse renal function, and had higher blood pressure; their serum BNP levels were comparable with those patients in the lowest quartile (P < 0.05 for each; Table 1 ). The correlations among the hf-PWV, ba-PWV, and hc-PWV levels were 0.44 and 0.53 (P < 0.001 for each). The Spearman's correlation rho between BNP and hf-PWV, ba-PWV, and hc-PWV were 0.28, 0.23, and 0.16, respectively (P < 0.001 for each). Elevated PWV was correlated with higher BNP levels (coefficient = 19.3, 12.4, and 5.9 for hf-PWV, ba-PWV, and hc-PWV respectively; P < 0.05 for each), and hf-PWV was strongly associated with elevated serum BNP (r = 0.28, P < 0.01; Fig 1) . Pearson correlation showed that greater left ventricular EF was inversely associated with BNP level (R = −0.08, p = 0.006), and large LA diameter and LVMI were positively associated with higher BNP (r = 0.16 & 0.17, both p < 0.001). Subjects with higher blood pressure (defined as SBP !140 mmHg and/or DBP !90 mmHg) or abnormally high BNP (>100 pg/ml) were more likely to present with LVH (37% vs. 25%, X 2 = 0.002).
Both hf-PWV and ba-PWV were associated with elevated serum BNP levels (beta coefficient = 8.3 and 6.4, respectively, both P < 0.01; Fig 1) after using a multi-variable regression model that adjusted for age, gender, BMI, systolic blood pressure, PP, renal function, LVMI, left ventricular ejection fraction (EF), and coronary artery disease (S1 Table. ). However, both hf-PWV and ba-PWV levels were not significantly associated with predicting categorical BNP (hf-PWV and ba-PWV cut-point = 12.2 and 18.1 m/s, respectively; BNP cut-point = 100 pg/ml; AOR = 1.43 and 1.34, respectively; and P = 0.1 and P = 0.16, respectively) ( Tables 2 and 3) . Adding both hf-PWV and ba-PWV to LVMI significantly added the C-statistics area under the ROC from 0.63 to 0.71 and from 0.63 to 0.69, respectively (P < 0.01 for each), in predicting highrisk heart failure (BNP>100 pg/ml; Fig 2) . Furthermore, the addition of hf-PWV, ba-PWV, and hc-PWV did not result in an incremental predictive value for high BNP (>100 pg/ml) when using the basic model, which adjusted for age, gender, BMI, systolic blood pressure, PP, and LVMI (P of ΔAUROC = 0.66; Fig 2) . Meanwhile, the addition of hf-PWV to the basic model resulted in an upward reclassification of 6.3%, as well as an 8.4% downward reclassification, yielding an overall net reclassification of −2.1% of participants who had abnormally high BNP (>100 pg/ml) https://doi.org/10.1371/journal.pone.0183747.g001 Table 2 . The mean ± SD, numbers of the study participants, and ORs by hf-PWV or ba-PWV quartile for the association with BNP (cut-off level 100 pg/ml) in the study participants. concentrations. For participants who had a lower BNP ( 100 pg/ml), addition of hf-PWV resulted in an upward reclassification of 3.7% and a downward reclassification of 6.2%, which yielded an overall net reclassification of 2.5%. In the full sample, when hf-PWV was added to the basic model, we observed a net reclassification index of 0.4% (95% CI, −5.2% to 6.1%; P = 0.87) and an integrated discrimination improvement of 0.7% (95% CI, 0.02% to 1.4%; P = 0.029; Table 4 ) 
2-
Discussion
Pulse wave velocity and BNP concentrations
Although both hf-PWV and ba-PWV were associated with BNP concentrations after adjusting for systolic blood pressure and other clinical factors. Only hf-PWV was associated with a significant improvement in the prediction of BNP in additional basic clinical parameters in individuals with baseline preserved global EF. The clinical diagnosis of HFpEF as determined by BNP and heart echocardiography parameters have been well established and supplied as useful diagnostic and prognostic tools. [8, 24] In our current work, pulse wave velocity after central aortic segments substantially improved the predictive power to identify abnormally high BNP concentrations, which may help identify a specific target group of patients at higher risk of HFpEF development from increased vascular stiffness as the main underlying pathophysiology. Therefore, recognition of such a population may potentially benefit from early therapeutic interventions.
Segmental PWV: Central aortic PWV, muscular arterial PWV, and carotid arterial PWV Assessment of arterial stiffness has revealed a strong relationship between stiffness of the central carotid artery and the abdominal aorta and increased cardiovascular event rates in many high-risk [25] [26] [27] and community-based populations. [28] [29] [30] Several methods have been evaluated in clinical trials, and PWV was considered the gold standard among other non-invasive methods. Peripheral ba-PWV was assessed at two sites between the brachial artery and the ankle anterior tibial artery; [32] meanwhile, the central cf-PWV was evaluated at two sites between the carotid artery and the femoral artery. [33] In recent literature, ba-PWV was shown to correlate better with cardiac and vascular structure and function compared with cf-PWV, especially in Asians. [17, 34] Further, the central arterial stiffness measurement is known to be skill-dependent, whereas PWV measurement is automatic and represents the PWV for Table 4 . Predicted risk for BNP concentrations before and after reclassification with hf-PWV in participants who with higher (>100 pg/ml)(A) and lower (< = 100 pg/ml)(B). [36] In our current study, we demonstrated that both the ba-PWV and central hf-PWV were useful for BNP concentration correlation, although the central aortic arterial stiffness (hf-PWV) was more closely correlated with BNP level.
Model with hf-PWV
Biological mechanism
In this study, measures of arterial stiffness (hf-PWV and ba-PWV) may provide additional information beyond degree of ventricular remodeling. Both high degree of LV remodeling in terms of large LVMI and large LA diameter were linked to elevated BNP, thereby reflecting the LV remodeling process and diastolic dysfunction. Moreover, aortic arterial stiffness (hf-PWV) had an additional risk reclassification effect in identifying the cardiac damage risk model, and it was defined by an abnormally high BNP level (>100 pg/ml). In general, central aortic elastic compliance supplied a cushioning effect during heart diastole and maintained the pulse processing from central to downstream sites. High baby birth weight is positively associated with greater central aortic stiffness, implying that impaired glucose metabolism may play an important role. [37] The carotid artery remodeling proximal to the heart from adaptative remodeling of increased wall tension in greater arteries is tightly linked to load status, such as blood pressure or PP. [38] The diameter of the carotid artery was related to BNP concentrations in patients with heart failure within a preserved EF population. [39] However, given that the distance between the heart and carotid artery was too short to result in the stiffness effect, passing through the aorta to the femoral artery was more effective in predicting BNP levels.
Pulse wave velocity, BNP, preserved EF heart failure, and treatment Increasing rates of preserved EF heart failure within the aging society is an important problem that will become an economic burden in the near future 1 . The coupling of ventricular arterial stiffness with mechanical interaction of systemic and coronary flow balance, regulation of endothelial function, and smooth muscle tone implies the importance of vascular pressure load to heart function. [40, 41] In early studies in Japan and China, arterial stiffness was considered a risk factor for both atherosclerosis and diastolic heart failure but not the adjustment of renal function. [34, 42] A recent Russian study disclosed that considerable arterial stiffness was increased in patients with preserved EF heart failure after ST elevation and acute myocardial infarction. [43] In our study, we discovered that both hf-PWV and ba-PWV were associated with BNP concentrations after adjusting for renal function. However, high hf-PWV was not correlated with a high prevalence rate of coronary heart disease in a preserved EF population, thereby implying that arterial stiffness had another mechanism for inducing heart damage beyond coronary injury.
Arterial stiffness was the consequence of progressive arterial dilation and degeneration of the arterial wall, and it occurs alongside aging and increased systolic pressure. Furthermore, peripheral brachial systolic pressure impaired systolic pressure in the aorta and left ventricle, thereby inhibiting the vessel dilation effect of anti-hypertensive drugs. [44] In addition to the effects of advanced age and the hypertensive status on arterial wall elasticity, some evidence of atherosclerosis implied that this hardening affected the distributed compliance model of arterial circulation, which implied statin utility in elevated PP and arterial stiffness. [45] 
Strength and limitations
In this study, we determined the central aortic and peripheral muscular arterial stiffness indicators (hf-PWV and ba-PWV). Our current study simultaneously measured central aortic (hf-PWV), heart carotid (hc-PWV), and peripheral muscular (ba-PWV) arterial stiffness. Results demonstrated a relationship between hf-PWV and BNP levels even after adjusting for clinical and epidemiologic factors. Although these results create a large database for the use of arterial stiffness in predicting BNP concentration, the study's generalizability was limited to outpatient clinic patients, so it may not be applicable to community-based populations. Furthermore, we used indirect methods to evaluate arterial stiffness, and data were restricted to a single center. Finally, this work was a cross-sectional study, and further research to confirm this conclusion in longitudinal outcome-driven follow up may be warranted in the future.
Conclusion
Our study showed a significant segmental PWV associated with BNP concentrations, thereby implying that arterial stiffness was related to cardiac damage. Adding on geometric LVMI, hf-PWV, and ba-PWV significantly increased our ability to predict heart damage. Only central aortic hf-PWV significantly improved our ability to predict BNP concentrations, and this parameter was correlated with aortic arterial stiffness and worsening heart function. Further study and evaluations are warranted. 
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